Objective: The mechanism of hypoglycorrhachia-low CSF glucose-in meningitis remains unknown. We sought to evaluate the relative contribution of CSF inflammation vs microorganisms (bacteria and fungi) in lowering CSF glucose levels.
Conclusions:
The main driver of hypoglycorrhachia appears to be a combination of microbial meningitis with moderate to high degrees of CSF inflammation and proteins, suggesting that the presence of microorganisms capable of catabolizing glucose is a determinant of hypoglycorrhachia in meningitis. A major notable exception is neurosarcoidosis. Low CSF glucose and CSF-to-serum glucose ratios are useful markers for the diagnosis of microbial meningitis. Hypoglycorrhachia-low CSF glucose-has been recognized since the 1930s 1,2 as a critical clinical laboratory finding with the potential to influence treatment of meningitis and is therefore reported within 1 hour by most laboratories. Marked hypoglycorrhachia has traditionally been viewed as a predictor of microbial meningitis (caused by bacteria, mycobacteria, fungi, and parasites, but not viruses) in both adults and children [3] [4] [5] and heralds poor outcomes including death. [6] [7] [8] [9] The differential diagnosis for hypoglycorrhachia includes not only microbial but also neoplastic causes as well as select primary inflammatory meningitides such as neurosarcoidosis. [10] [11] [12] While neoplastic meningitis can usually be suspected when it presents in the context of a known malignancy, 13 microbial and aseptic etiologies (viral, chemical, and autoimmune) can be difficult to distinguish on clinical grounds alone. To date, and more than a hundred years after the first observations, hypoglycorrhachia remains an important CSF marker for etiologic diagnosis, as serology, microbiology, and cytology have low sensitivity and can take days until results are available. Finding the etiology is key, as immediate initiation of the correct targeted treatment against specific pathogens improves prognosis. 14 Despite intense experimental meningitis research in the 1960s, the pathophysiology underlying CSF glucose depletion remains controversial. Because hypoglycorrhachia is associated with higher degrees of CSF inflammation, 15 it has long been debated whether inflammation or microbial load is most responsible for depleting CSF glucose. Commonly cited mechanisms include increased glucose catabolism by leukocytes, microorganisms, or the brain parenchyma, as well as altered glucose transport across inflamed meninges. 10, 16, 17 The introduction of bacteria in cisternal CSF decreased glucose within a few hours, arguing in favor of direct microbial catabolism, 18 but the effect was not confirmed in leukopenic dogs, suggesting that the host inflammatory response is also necessary to cause hypoglycorrhachia. 17 Induction of chemical meningitis did not alter CSF glucose, showing that inflammation alone may not be sufficient and suggesting the presence of a synergy with microbial metabolism. 17 Finally, the uptake of radiolabeled glucose was increased in neutrophils derived from purulent CSF, showing that they contribute to glucose depletion. 19 To our knowledge, these experimental results have never been correlated with large human clinical data sets, despite recent advances in the understanding of immune mechanisms at play in meningitis.
The aim of this cross-sectional study was to evaluate the relative contribution of CSF inflammation vs microbial infection in driving hypoglycorrhachia in the clinical context of microbial and aseptic meningitis. We made the hypothesis that because all leukocytes (neutrophils, lymphocytes, or monocytes) have the capability of catabolizing glucose, they could be a major determinant of hypoglycorrhachia, including in aseptic meningitis. We retrospectively collected meningitis CSF profiles-defined as the presence of pleocytosis-with confirmed microbial and aseptic etiologies. This dichotomization offered a natural experiment to compare CSF glucose levels along a continuum of varying degrees of CNS inflammation in the presence (microbial) or the absence (aseptic) of microorganisms capable of catabolizing glucose across a broad range of meningitis etiologies.
METHODS Samples. We included 225 inflammatory CSF (pleocytosis $6 3 10 6 cell/L) obtained by lumbar puncture at the time of clinical presentation into the main analysis and 83 additional repeat samples belonging to the same patients (cutoff: 7 days to 1 month) into the longitudinal analyses (supplemental information and figure e-1, http://links.lww.com/NXI/A3). The University of California, San Francisco Institutional Review Board approved the study protocol and granted a waiver of informed consent for retrospective chart review with no patient contact.
Variables. Absolute CSF glucose (mg/dL, n 5 225) and CSF-toserum glucose ratios (abbreviated glucose ratio, with a cutoff for serum glucose within 12 hours of CSF, n 5 156, 69.0% and 67.0% of the microbial and aseptic cases, respectively) were tabulated alongside CSF protein, CSF cell count and differential (missing for 13), and serum leukocyte count (obtained within 24 hours of CSF sampling), age at presentation, sex, HIV and diabetes status, and whether the meningitis was immediately (postoperative) or remotely (shunt infections) associated with neurosurgery. In the case of CSF samples with a high number of red blood cells, we reviewed the chart to check whether the lumbar puncture was traumatic and accordingly selected data coming from the last tube collected (aseptic, n 5 9 and microbial, n 5 8). We dichotomized the diagnoses into 2 groups: microbial and aseptic meningitis (supplemental information for details, http://links.lww.com/NXI/A3). All statistical analyses were performed on the entire database on absolute CSF glucose and repeated for the subset of patients on the glucose ratio to ensure congruent results.
Statistical analysis. First, we obtained univariate linear regressions of CSF inflammation markers onto CSF glucose. The distribution of CSF glucose and glucose ratios was tested for normality. The CSF leukocyte count and protein were log transformed before further analysis, as their distribution was inversely exponential. To test for independence of these predictors, we used a stepwise multivariate linear regression approach seeking global optimization of the corrected R 2 . For fitting, we used a bisquare method to increase robustness to outliers. We initialized the model including all predictors significant at the univariate level and included all interaction terms between hypothesized predictors (diagnostic category and CSF leukocyte count) and effect modifiers (CSF protein) but left out interactions with potential confounders. In a stepwise approach, we then discarded variables that were not independent, starting with potential confounders. The final fit yielded the following model:
, where G is the dependent variable CSF glucose, and the explanatory variables are DM for diabetes mellitus (categorical, 1 for present), Dx for diagnostic category (categorical, 1 for microbial), and P for CSF protein (continuous). All other terms were not independent predictors, including the leukocyte count. Given the significant interaction term between 2 predictors (diagnostic category and CSF protein), a stratified post hoc t test (Bonferroni corrected, p , 0.017) was conducted using a 3-level variable for protein concentration: low (50-100 mg/dL), medium (101-180 mg/dL), and high (181-500 mg/dL). Note that the neutrophil count was not an independent predictor in the multivariate model, but because it can often distinguish between microbial and aseptic meningitis, we also repeated the stratified analysis with the absolute CSF neutrophil count categorized as low (.20 3 10 6 /L) and high (.50 3 10 6 /L). Sensitivity analyses of the multivariate model included exclusion of neurosurgical cases, analyzing only surgical cases, exclusion of culture-negative cases, analyzing inflammatory and infectious aseptic meningitis cases separately, and stratifying by neutrophil count.
Second, to add longitudinal information on individual patients and assess the validity of following CSF glucose as a marker for response to treatment, we checked whether a linear relationship between logP and G was conserved over time. For each repeat CSF sample obtained between 1 week and 1 month of the initial CSF sample (n 5 83 samples in 52 patients), we plotted the change in glucose (deltaG) vs the change in logP compared with its corresponding initial CSF sample: deltaG 5 b 0 1b 1 ðlogP 2 2logP 1 Þ1e. Third, to complement analysis of the average trend (linear regression) with an analysis of the extremes and to quantify the performance of CSF glucose and the glucose ratio in diagnosing microbial meningitis, we performed a receiver operating characteristics (ROC) analysis.
True-positive rate ( ) were calculated for detection thresholds on CSF glucose or the glucose ratio incrementing in 100 linear steps over the full range of values. All values are reported as mean 6 SD, unless otherwise specified, and significance was accepted at p , 0.05 after Bonferroni correction.
RESULTS
Patients and CSF samples. We included 115 aseptic and 110 microbial meningitis cases with similar demographics (tables 1 and 2). Both included a minority of pediatric cases (10.4% vs 10.9%), with ages ranging from 2 to 88 and 5-90 years, respectively. Microbial cases were more likely to be men, to have a history of neurosurgery and to be HIV infected. As expected in the microbial category, the white blood cell count was slightly increased, average absolute CSF glucose and glucose ratios were decreased, and, conversely, CSF inflammatory markers were increased. These variables were tested as potential confounders in the model below. 3 , 221.4 6 6.9, p , 0.01) were independently and significantly related to absolute CSF glucose (degree of freedom 5 218, adjusted-R 2 5 0.36). When using the glucose ratio as the dependent variable, the explained variance improved by approximately 10% (degree of freedom 5 167, adjusted-R Because the model included a significant interaction term between CSF protein and diagnostic category, we followed up with a stratified analysis to achieve a better understanding of the effects of each variable separately ( figure 1) . First, CSF protein significantly predicted CSF glucose only in the microbial figure  1B ), meaning that CSF glucose inversely varied with the degree of inflammation only in the presence of a pathogen. Second, binning CSF protein levels and comparing diagnostic categories showed that CSF glucose and glucose ratios were significantly decreased in the microbial compared with the aseptic group (p # 0.01 for all except p 5 0.07 for absolute glucose with mild CSF protein, t test).
Longitudinal analysis of CSF glucose. Calculating changes in glucose and proteins in repeated CSF samples compared with the corresponding initial CSF sample in microbial meningitis revealed that a linear relationship was conserved over time between these 2 markers with absolute CSF glucose (n 5 83 samples in 52 patients, b 5 235.1, R 2 5 46%, p , 0.001, figure 2) or the glucose ratio (n 5 52 samples in 47 patients, b 5 20.3, R 2 5 49%, p , 0.001).
Receiver operating characteristics. As shown in figure 3 , thresholds that are typically used clinically (CSF glucose ,40 mg/dL or glucose ratio ,0.4) yielded sensitivities around 53% and 55% and specificities around 89% and 82%, respectively. The specificity for microbial meningitis was increased to more than 90% at the expense of poorer sensitivity by decreasing the threshold to CSF glucose ,30 mg/dL or glucose ratio ,0.3, reflecting the very low CSF glucose levels seen more frequently in microbial meningitis cases (table 1) .
Low glucose in aseptic meningitis. Among aseptic meningitis cases (n 5 115), only 11 cases (9.6%) had CSF glucose lower than 40 mg/dL (median 33, range 16-37 mg/dL). Eight cases were neurosarcoidosis (half confirmed by brain and the other half by lung biopsy), a diagnosis that has been associated with hypoglycorrhachia in the literature. 11, 20 The remaining cases were 2 neuromyelitis optica with positive aquaporin-4 serum antibodies (one with mild hypoglycemia of 64 mg/dL and the other with correction of the hypoglycorrhachia on the next day) and 1 brain biopsy-confirmed small vessel CNS vasculitis with associated leptomeningitis. The median age was 43 years (range 28-64 years), and 9 were women. CSF inflammatory markers were moderately elevated including proteins (median 125, range 65-300 mg/dL) and leukocytes (median 58, range 9-685 10 6 cells/L) with a lymphocytic predominance (78.4% 6 27.7% lymphocytes and 3.3% 6 4.5% neutrophils).
DISCUSSION In this study, we showed that, contrary to our hypothesis, the presence of glucophagic microorganisms (bacteria, mycobacteria, fungus, or parasite) is the predominant determinant of hypoglycorrhachia and that depletion of CSF glucose is more pronounced in the setting of more severe infections with higher pleocytosis and proteins. In the absence of such a pathogen, a similar degree of CSF inflammation is per se, not sufficient to significantly decrease CSF glucose on average, with a few notable exceptions including cases of biopsy-confirmed neurosarcoidosis. Furthermore, the degree of pleocytosis was not an independent predictor of hypoglycorrhachia when CSF protein was taken into account, and the type of pleocytosis did not play a crucial role.
From these data, we understand that either (1) the presence of both glucophagic microorganisms and a significant degree of inflammation synergistically induce hypoglycorrhachia; or (2) CSF protein is a marker for another variable we could not measure, such as microbial load and/or function of the blood-brain barrier. Of note, CSF protein in meningitis can be of microbial (e.g., bacterial wall) or endogenous origin (e.g., immunoglobulins), which may explain its predictive strength in our model as it combines 2 variables into 1 metric. Unfortunately, microbial load is not routinely measured in CSF, so we could not test this hypothesis. Taking into account early work on animal experimental meningitis, it is conceivable that a synergy between CSF inflammatory mechanisms and the presence of glucophagic microorganisms stimulates leukocytic glucose catabolism. 17, 19 Alternatively, glucose transport across the blood-brain barrier might be reduced as proposed in cases of tuberculous meningitis 2 and experimental meningitis. 16 Microbial and aseptic meningitis differ in their immune inflammatory responses, as illustrated by the presence of neutrophilic vs lymphocytic pleocytosis. For this reason, we also evaluated the effect of the absolute neutrophil count alone and found no difference in the interpretation of results with the caveat that relatively few samples contributed to this analysis. We also observed that all eleven outlying cases of aseptic meningitis with low CSF glucose had a lymphocytic pleocytosis, supporting the Figure 1 Linear relationship between CSF inflammation and glucose in meningitis; analysis stratified by diagnostic category (aseptic, n 5 115 and microbial, n 5 110) and levels of CSF protein idea that hypoglycorrhachia is independent of the leukocyte type. These cases were for the most part (8/11) biopsy-proven neurosarcoidosis, confirming previous reports. 11, 12, 21 As exemplified by the typical granulomatous inflammation found on pathology, neurosarcoidosis resembles inflammatory responses to microbial meningitis. Little is known about the exact molecular pathways of neuroinflammation in neurosarcoidosis, but whole blood transcriptome analyses of patients with active pulmonary sarcoidosis resemble that of inflammatory responses to active mycobacterial infection. 22 If involvement of similar inflammatory responses in the brain was confirmed, this may provide a clue for why CSF glucose can be low in neurosarcoidosis but not in other archetypical CNS inflammatory disorders. Pathway analysis, rather than cell-type analysis, might provide novel insights into mechanisms of hypoglycorrhachia in aseptic meningitis. Thus, other aspects of meningeal inflammation, which were not directly measured here, may be the common denominator in determining hypoglycorrhachia.
In the second part of this study, longitudinal analysis with repeated CSF sampling in a subset of patients with microbial meningitis revealed an inverse correlation between CSF protein and glucose concentration. This was interpreted as a marker of the response to treatment or the lack thereof. When microorganisms are effectively killed, inflammation decreases and glucose catabolism decreases as well. The strong linear relationship found here suggests that CSF glucose and CSF protein are valuable biomarkers to track the clinical progression of microbial meningitis.
Third, ROC analysis showed that both CSF raw glucose and the CSF-to-serum glucose ratio were specific but not sensitive tests to detect microbial meningitis at thresholds used in clinical practice. In our study, there was a mild benefit of using the glucose ratio (with serum levels obtained within 12 hours) instead of raw glucose to achieve higher sensitivity (approximately 10% increase), and it therefore probably reflects a more accurate estimation of glucose repartition in the 2 compartments. 23, 24 For these reasons, it should be preferred over absolute CSF glucose when making clinical predictions; however, our data illustrate that it is not a widespread practice. We did not have enough time points to investigate whether the glucose ratio obtained within shorter time frames (e.g., 62 hours) would yield better ROC.
The limitations of the study include its use of single-center retrospectively collected laboratory measures without the ability to further explore pathologic mechanisms or control for uniform collection of variables. In a prospective study asking the same questions, a number of additional control variables could be collected. The blood-brain barrier integrity could be assessed by parallel measurement of albumin in the plasma and CSF. Lactate quantification could clarify a potential role for anaerobic metabolism. 16 Proteins could be further separated into those of microbial origin and immunoglobulins. Microbial load could be quantified using PCR, and a tight Receiver operating characteristics for CSF glucose (n 5 225) and serum/ CSF glucose ratio (n 5 156) as predictors for microbial meningitis
The sensitivity and specificity of different clinically meaningful threshold levels are shown in the inset table and at corresponding dots on the curves (low, middle, and high thresholds). Note that when a low threshold is chosen, the raw glucose and glucose ratio perform similarly with high specificity for microbial cases but very low sensitivity. On the other hand, when a high threshold is chosen, the glucose ratio performs approximately 10% better than raw glucose in terms of sensitivity for equivalent specificity. Thresholds typically used in clinical practice are in the middle range. CSFg 5 CSF glucose; Gr 5 Glucose ratio.
CSF-to-serum glucose ratio could be assessed systematically. Although promising, newer biomarkers such as serum or CSF procalcitonin 25 and serum C-reactive protein 26 have not yet replaced CSF glucose in the evaluation of meningitis and were not systematically available in our data set. We did not include carcinomatous meningitis in our analysis, but doing this could provide yet another interesting angle, as cancerous cells are known to be highly catabolic. Overall, the aim of our analyses was to describe the relationship between CSF variables, as opposed to building a predictive score for the diagnosis of microbial meningitis that should be the focus of a larger prospective study. The percentage of diagnoses should be considered as information on the data used here and not as a cross-sectional study on meningitis differential diagnosis.
The strengths of this study include a relatively large sample size as compared to previously published data that encompassed a wide variety of confirmed etiologies including more recently recognized entities in the aseptic category, such as meningitides related to immunologic disturbances. The baseline characteristics were fairly balanced aside from an overrepresentation of men in the microbial category that we could not explain, as there are no reports suggesting a sex difference in this disease. As planned, the microbial category encompassed cases with a history of neurosurgery that may have had an impact on the blood-brain barrier permeability and thus bias glucose measurements. However, we feel that this is part of the variability of the clinical setting and serves to increase the generalizability of our findings. Indeed, repeating the analysis excluding cases with a history of neurosurgery yielded the same results (supplemental data, http:// links.lww.com/NXI/A3).
In conclusion, the data presented here shed light on meningitis pathophysiology by suggesting that the presence of a pathogen and the induced changes in CSF milieu, rather than inflammation alone, underlie hypoglycorrhachia. The practical correlate is that aseptic meningitis, even with a high level of leukocytes, should remain a diagnosis of exclusion if low-especially very low (,30 mg/dL)-CSF glucose is present. Our data also support trending CSF glucose as a marker of treatment response and suggest that CSF glucose alone is a relatively specific marker of microbial meningitis, although the CSFto-serum ratio may be better in borderline cases. The early assessment of CSF glucose remains a vital component of the workup when a patient presents with signs of meningitis, as it can help distinguish between microbial meningitis requiring antimicrobial therapy and aseptic cases requiring very different treatment.
